Abstract. -We report on susceptibility, magnetization, 23 Na NMR, and specific heat data of the spin-chain material NaCu2O2 in the paramagnetic and ordered phases. Below 13 K, where a sharp field-dependent specific heat peak appears, the NMR lineshape points to an incommensurate static modulation of the local magnetic field consistent with a spiral state of the Cu magnetic moments. At 2 K weak ferromagnetism with an ordered moment of about 4·10 −3 µB has been observed. LDA-based estimates of exchange integrals reveal a large inchain frustration leading to a magnetic spiral.
Introduction. -Frustrated spin systems have attracted much attention during the last years (see, e.g., ref. [1] ). However, a particular challenging issue, coupled quantum (spin-1/2) chains with nearest-neighbor (NN) ferromagnetic (FM) and significantly strong next-nearestneighbor (NNN) antiferromagnetic (AFM) inchain exchange have not been studied so far in detail. A searched physical realization has been found only recently in edge-shared cuprates ACuO • -96
• and incommensurate (IC) helical ground states with short quasi-periods and acute pitch angles φ [2, 5, 6] . Here, due to competing FM and AFM contributions the total NN exchange can be comparable or even smaller (in absolute value) than the AFM NNN one. Another often discussed scenario for helical-type order [7] , usually for long quasi-periods (i.e. φ 1 or 2π − φweak ferromagnetism absent in planar spirals. We will show that both scenarios, frustration and DM, are relevant in NaCu 2 O 2 . We report 23 Na nuclear magnetic resonance (NMR), magnetization, and specific heat data all indicating magnetic ordering below 13 K. The related phase can be ascribed to a spiral modulation of the magnetic moments consistent with the electronic and magnetic structure analyzed within local density approximation (LDA) and Hubbard models with a subsequent mapping on Heisenberg models. As a result, inchain frustration is found to drive the spiral order.
Structure. -NaCu 2 O 2 crystals were grown similarly as described for the isomorphic LiCu 2 O 2 [3, 6] . The analysis of the X-ray diffraction patterns recorded from single crystals and powdered single crystals at 300 K confirms that in contrast to LiCu 2 O 2 our samples are untwinned, single-phased without any deviations from ideal occupancy parameters. NaCu 2 O 2 is orthorhombic with two copper sites: Cu 2+ and Cu + . There is less than 2% Na on Cu (probably Cu + ) sites. Hence, NaCu 2 O 2 allows a more thorough study of the complex anisotropic properties and a refinement of the spiral structure. The lattice parameters a = 6.210(2)Å, b = 2.9369(5)Å, c = 13.070(2)Å agree well with those in ref. [5] but differ considerably from the value of c = 13.209Å given in ref. [8] . Anyhow, the LDA electronic structure is insensitive to these deviations. Edge-shared CuO 2 chains running along b form two bilayers shifted mutually by b/2 ( fig. 1 ). Note that the ideal CuO 2 chain structure is distorted here: the central magnetically active Cu 2+ ion is shifted off from the center of a CuO 4 plaquette by about 0.03Å towards the NN chain. Hence, a center of inversion is lost. The broken local symmetry is reflected by different Cu-O-Cu bond angles γ = 96
• (inner) and γ = 94.7
• (outer) ones. In addition, the CuO 4 plaquettes are tilted from the ab-plane by ±φ 0 ≈ ±4.2
• . Experimental data and phenomenological analysis. -Microscopically, the magnetism of NaCu 2 O 2 should be described by a general spin-1/2 Heisenberg-type model
where i and j run over pairs of CuO 4 plaquettes. H exhibits a hierarchy of isotropic and anisotropic couplings with the leading terms given by isotropic NN and NNN inchain exchange. Indeed, the magnetic susceptibility χ(T ) in the paraphase with H a, b, c can be reasonably well described by the isotropic 1D
2) contrary to α ≈ 5 and sizable long-range exchanges J 3 and J 4 claimed in ref. [5] . We attribute this discrepancy mainly to a questionable subtraction of an "impurity ascribed low-T feature"(Curie law) which considerably affects a fit of χ(T ) at T < 50 K. Anyhow, the negative curvature at low T and the shape of the χ(H) curves like in ref. [9] clearly show strong deviations from a Curie law. It is an intrinsic feature related to weak ferromagnetism emerging below T * ≈ 8-9 K. Its evidence stems from magnetization data obtained in external magnetic fields revealing signatures of a weak hysteresis and a small magnetic moment
is obeyed such as for the classical weak ferromagnet MnCO 3 [10] . M 0 ≈ 4 · 10 −3 µ B is a typical value in weak FM cuprates [9, 11] . DM couplings explain naturally the weak ferromagnetism [10] . From the distortions discussed above we determine the orientation of the DM vectors D for NN and NNN spin pairs along b as ⊥ to the local CuO 4 plaquette plane and tilted by ±φ 0 from c [12] . The D for i, j located at the AB bilayer boundary are tilted inphase. The nearly c-orientation of the main DM vectors explains the observed nearly aborientation of the helix. In a rigorous sense, we expect a more complex spin structure with Near T c = 13.1 K the specific heat c p reveals a sharp peak and the 23 Na NMR spectra change dramatically, both signaling a phase transition ( fig. 3) . Without broadening the peak of c p is nonlinearly shifted by −0.5 K by applying magnetic fields H c up to 9 T:
, where H 0 = 46.3 T. Thus, we attribute this peak to a magnetic phase transition. A broader feature has been reported near 12 K in ref. [5] , however, we did not observe a shoulder near 7.5 K. The shoulder, the broader transition, and the lower T c reported in ref. [5] might be due to significant disorder. Since, at variance with our work, a slight suppression (enhancement) of c p below (above) T c was reported for that polycrystalline sample [5] , one might suggest upward shifts of T c for H a, b and for improved polycrystalline samples [13] . The staggered tilting of CuO 4 plaquettes within a bilayer may cause oscillating terms in H and this way a staggered-field-induced magnetization which yields a spin gap ∆ s for one of the two acoustic branches near Γ, akin to the mechanism proposed for Cu-benzoate at the 1D Brillouin zone (BZ) boundary [14] . An H-dependent ∆ s could explain the field sensitivity of c p at moderate H ( fig. 3, central panel) .
NMR spectroscopy being a local probe can be used to detect spin ordering. We report 23 Na NMR data of a NaCu 2 O 2 single crystal. The spectra were measured for H c by sweeping H at a fixed frequency of 32.2 MHz. The signal was obtained by integrating the spin-echo envelope. Above T c a typical first-order quadrupole perturbed NMR spectrum for spin I = 3/2 was observed ( fig. 3) . The quadrupole splitting between the satellites in NaCu 2 O 2 amounts to 196 mT, while in LiCu 2 O 2 it is only 6 mT. The ratio is about 33, while the ratio of quadrupole moments Q( 23 Na)/Q( 7 Li) = 2.7. Thus, the electrical-field gradient (EFG) at Na sites is much larger than that on Li in LiCu 2 O 2 . Note the dramatic change of the 23 Na NMR spectrum with asymmetric 1D van Hove singularity like peaks for T < 13 K. The central transition line is characteristic for a IC modulation of the local magnetic field caused by a spin helix [15, 16] of the Cu magnetic moments like in LiCu 2 O 2 [3] . This is confirmed by similar lineshapes of the satellite transitions, which in contrast to LiCu 2 O 2 are here clearly observable due to the larger EFG and Q values given above. Noteworthy, the local magnetic field on Na(Li) sites estimated as the linewidth at the base of the central transition is only 80 mT (250 mT).
Turning to a phenomenological analysis of c p , we have c p = c m + c lat , to comprise the magnetic (spin) contribution c m and the usual lattice part c lat . In first approximation we adopt again the 1D J 1 -J 2 model with FM J 1 and AFM J 2 [17] . If J 2 −J 1 , H can be replaced by an effective Heisenberg model with a single AFM J eff ≈ J 2 + βJ 1 , β 1, in order to estimate the relevant temperature range. Using the Bethe-ansatz solutions [18] for χ(T ) and c m (T ), from the maximum of the observed χ(T ) near 50 K, J eff ∼ 80 K and a relevant temperature interval of about 160 K follows. In fact, using the J's which fit χ(T ) for the calculated c m a long tail extended up to about 200 K emerges. A straight empirical determination of c emp m in this range is difficult since the phonon spectra of NaCu 2 O 2 and LiCu 2 O 2 are still unknown. However, at medium T an extended Debye approach can be used [19] :
We found a reasonable description for a broad range of temperatures T ≤ 95 K with β 1 = 0.28 mJ/mol·K 4 , β 2 = 7.2·10 Microscopic analysis and discussion. -To get more insight in the ordered phase, the knowledge of frustration and spatial anisotropy of the magnetic couplings is crucial. To estimate the main transfer integrals t and exchange couplings J, we performed full potential LDA band structure calculations using the FPLO code [23] . Cu (3s, 3p, 4s, 4p, 3d) , O (2s, 2p, 3d) and Na (2s, 2p, 3s, 3p, 3d) states were chosen as the basis set. Lower-lying states were treated as core states. The obtained bands near the Fermi energy ε F are shown in fig. 4 . Fitting them by an extended 3D tight-binding model we estimated the relevant t's (table I) . From this fit we conclude that NaCu 2 O 2 must be described by an exchange hierarchy: i) inchain and ab-plane (interchain); ii) bilayer, and iii) interbilayer ("double chain" in the notation of ref. [6] ). The inchain dispersions along ΓY, UR, XS show deep minima in the middle of the • compared with 62
• for LiCu 2 O 2 is plausible by the larger α [25] . Noteworthy, the interchain and DM exchange affect also the value of φ, but, in order to describe that φ within spin wave theory, long-range exchange J 3 and J 4 along b can be ignored in accord with an LDA analysis [26] . From this analysis we also conclude that NaCu 2 O 2 is a much more pronounced quasi-1D spiral system (table I) compared with LiCu 2 O 2 [3, 4] .
We performed also cluster calculations for Cu n O 2n periodic chains (n = 3-6) within the frame of the five-band extended Hubbard model and mapped the low-lying multiplets onto ones of J 1 -J 2 spin-1/2 Heisenberg rings. Starting from the parameter set proposed for Li 2 CuO 2 [28] , we first refined this set with respect to the isotropic O-hole distribution (inferred from O1s X-ray absorption and optical conductivity data [28, 29] ) and to a proper evaluation of J 2 . Changing slightly t pp in chain direction and ∆ pd , we arrive at ∆ pd = 3.245 and ∆ pp = +0.255 eV [30] . Thus a realistic Cu3d-O2p set mapping leads to nearly the same exchange integrals J 1 = −4.12 meV and J 2 = 7.79 meV as above.
Conclusions. -In conclusion, we propose a clear and consistent picture for the challenging low-temperature physics of NaCu 2 O 2 , a novel undoped chain cuprate. Below 13 K a sharp magnetic phase transition has been detected in specific heat and NMR data. The change of the 23 Na NMR lineshape reveals signatures of local magnetic fields caused by an inchain IC spin structure consistent with two weak FM conic spirals [31] alternatingly tilted from c. Our picture relies on a well-founded combined analysis of various independent theoretical and experimental studies including phenomenological Heisenberg and microscopic pd Hubbard models and an extended tight binding analysis of LDA bands. The various approaches converge even quantitatively in finding the frustrated inchain NN and NNN exchange −J 2 /J 1 ≈ 2 as the main origin of the magnetic helix observed by NMR and neutron diffraction. Long-range exchange terms J 3 and J 4 are of minor relevance. * * * We thank D. Ihle, R. Kuzian, U. Rössler, A. N. Bogdanov, M. Braden, R. Klingeler, A. Zvyagin, and H. Eschrig for fruitful discussions. We appreciate the support provided by the grants CRDF RU-P1-2599-MO-04, RFBR 04-03-32876 (AAG) CRDF REC-005 (ASM), GIF 811-237.14 (JM, HR), the DFG (JM) and its Emmy-Noether-program (HR).
